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Abstract We study production of dark matter (DM)
in models with a non-standard expansion history. We
consider both freeze-out and freeze-in mechanisms for
producing the observed DM abundance in a model where
the DM consists of scalar singlet particles coupled to
the Standard Model sector via the Higgs portal. We
show that a non-standard expansion phase can lead to
a significant change in the DM abundance and there-
fore to observational ramifications. For example, for
DM freeze-in the required portal coupling can be much
larger, whereas for DM freeze-out much smaller values
become allowed. We evaluate the relevant constraints
and discuss prospects for direct detection of such DM.
1 Introduction
For a very long time, Weakly Interacting Massive Par-
ticles (WIMPs) have been among the best-motivated
dark matter (DM) candidates. However, given that there
are no observational hints of particle DM and only in-
creasingly strong constraints on WIMP DM [1], it is
natural to question the existence of WIMPs and start
considering other options for the production and prop-
erties of DM.
A simple alternative to the standard WIMP paradigm
is provided by relaxing the usual assumption that DM
is a thermal relic, produced by the freeze-out mech-
anism in the early Universe. Assuming instead that
DM particles never entered into thermal equilibrium
with the Standard Model (SM) plasma, the present
anicolas.bernal@uan.edu.co
bcatarinacosme@fc.up.pt
ct.tenkanen@qmul.ac.uk
dville.vaskonen@kbfi.ee
DM abundance may have been produced by the so-
called freeze-in mechanism [2,3,4], where the observed
relic abundance results from decays and annihilations
of SM particles into DM. Because of the feeble inter-
action strength that the mechanism requires, this kind
of DM candidates are usually called Feebly Interacting
Massive Particles (FIMPs).
Another simple way to evade the experimental con-
straints on DM is to consider non-standard cosmologi-
cal histories, for example scenarios where the Universe
was effectively matter-dominated at an early stage, due
for example to slow reheating period after inflation or
to a massive metastable particles. As there are no in-
dispensable reasons to assume that the Universe was
radiation-dominated prior to Big Bang Nucleosynthe-
sis (BBN)1 at t ∼ 1 s, studying what consequences such
a non-standard era can have on observational proper-
ties of DM is worthwhile. Indeed, production of DM
in scenarios with a non-standard expansion phase has
recently gained increasing interest, see e.g. Refs. [11,12,
13,14,15,16,17,18,19,20,21,22,23,24,25]. For earlier works,
see Refs. [26,27,28,29,30,31,32,33,34].
In this paper, we will consider production of DM in
scenarios where for some period at early times the ex-
pansion of the Universe was governed by a fluid compo-
nent with an effective equation of state p = w ρ, where
p is the pressure and ρ the energy density of the fluid,
and w ∈ [−1, 1]. For generality, we will consider produc-
tion of DM by both the freeze-out and freeze-in mecha-
nisms. Therefore, we have two goals: shed light on pro-
duction of DM during a non-standard expansion phase
in general, and study in detail the observational and ex-
perimental ramifications such a phase can have on the
1For studies on baryogenesis with a low reheating tempera-
ture or during an early matter-dominated phase, see Refs. [5,
6,7,8,9] and [10], respectively.
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2parameter space of a model where the DM consists of
real singlet scalar particles S coupled to the SM sector
via the Higgs portal interaction λHSS
2|H|2/2, where H
is the SM Higgs doublet and λHS a dimensionless cou-
pling constant. We will then contrast our results with
the earlier studies on the production of singlet scalar
DM in the case of standard radiation-dominated cos-
mological history [35,36,37,38,39,40,41]. We will also
consider prospects for detection of such non-standard
DM, including collider and direct detection experiments
– where the DM candidate is the usual thermal relic or
has a non-thermal origin.
Recent studies in Refs. [22,23], have shown that in
this simple framework one can both evade the current
observational constraints but expect to detect a signal
in the near future. However, in order to fully understand
the scenario and its observational prospects, a more de-
tailed analysis than what was conducted in Refs. [22,23]
is needed. In this paper, we therefore conduct a numer-
ical study, considering a broad range of DM masses and
sub-leading corrections to the cross-sections and decay
rates relevant for the singlet scalar model, as well as
taking into account the evolution of the effective num-
ber of SM energy density degrees of freedom. In contrast
to the earlier studies, which concluded that even in the
case where DM was produced by the freeze-in mecha-
nism it may be possible to observe it by the means of
direct detection, our results indicate that the parameter
space relevant for freeze-in in the singlet scalar model
is even in very extreme scenarios out of reach of the
future direct detection experiments.
The paper is organized as follows: In Section 2 we
introduce the cosmological setup and the singlet scalar
DM model, discussing various constraints on the pa-
rameter space of the model. Then, in Section 3, we con-
duct our numerical analysis for DM production in dif-
ferent cases, discussing also the effects of non-vanishing
DM self-interactions, and contrast our results with the
standard radiation-dominated case. Finally, we present
our conclusions in Section 4.
2 The model and constraints
2.1 Expansion history
We assume that for some period of the early Universe,
the total energy density was dominated by a component
ρφ with an equation of state parameter w ∈ [−1, 1],
where w ≡ pφ/ρφ, with pφ the pressure of the domi-
nant component. We assume that this component de-
cays solely into SM radiation with a rate Γφ that, in
general, is a function of time. Moreover, we assume
that the SM plasma maintains internal equilibrium at
all times in the early Universe.
In the early Universe the contribution of the DM
energy density can be neglected, so the evolution of the
energy densities ρφ and ρR are governed by the system
of coupled Boltzmann equations
dρφ
dt
+ 3(1 + w)Hρφ =− Γφ ρφ ,
dρR
dt
+ 4HρR = + Γφ ρφ ,
(1)
where ρR is the SM energy density. The Hubble expan-
sion rate H is defined by
H2 =
ρφ + ρR
3M2P
, (2)
where MP is the reduced Planck mass. Under the as-
sumption that the SM plasma maintains internal equi-
librium, the time (or scale factor) dependence of its
temperature can be obtained from
ρR =
pi2
30
g∗(T )T 4 . (3)
Here g∗(T ) corresponds to the effective number of SM
energy density degrees of freedom, which we evaluate
as given in Ref. [42].
Consider first a constant Γφ. This describes usual
particle decay and approximates well, in some cases,
also the decay of a time-evolving background field, such
as an inflaton field during a reheating phase [43]. The
SM energy density evolves as a function of the scale
factor a as
ρR(a)
ρR(aend)
'

(
a
aend
)−4
F−1 , a < acrit ,(
a
aend
)− 32 (w+1)
, acrit ≤ a < aend ,(
a
aend
)−4
, aend ≤ a ,
(4)
where F describes how much the co-moving SM radi-
ation energy density increases by decay of ρφ, that is
F ≡
a4 ρR(a)
∣∣
aaend
a4 ρR(a)
∣∣
aacrit
. (5)
At a = acrit the production from ρφ starts to dominate
the evolution of ρR, and at a = aend the ρφ dominated
phase ends. The scaling of ρR for acrit < a < aend
follows from the Boltzmann equation for ρR
H
a3
d
da
(
a4 ρR
)
= Γφ ρφ , (6)
where for a < aend the Hubble rate scales as H ∼ √ρφ
and ρφ ∼ a−3(w+1).
3The temperature of the SM plasma at a = aend is
given by the total decay width Γφ as
T 4end =
90M2P Γ
2
φ
pi2 g∗(Tend)
. (7)
For having successful BBN, the temperature at the end
of the ρφ dominated phase has to satisfy Tend > 4 MeV
[44,45,46,47].
A constant Γφ does not in all cases describe the
evolution of the system well. For example, in the case
where the Universe undergoes a (second) period of low-
scale inflation, the system is better described by a step-
function-type Γφ that gets a non-zero value at the end
of a second inflationary phase. This can be realized for
example if a phase transition ends the late inflation-
ary phase, as in e.g. Ref. [25]. Assuming that after the
second inflationary period Γφ is larger than the Hub-
ble rate, we can approximate that ρφ decays instanta-
neously to SM radiation. In this case
ρR(a)
ρR(aend)
'

(
a
aend
)−4
F−1 , a < aend ,(
a
aend
)−4
, a ≥ aend .
(8)
Also here F equals the fraction of the co-moving SM
radiation energy densities much before and much after
the decay of ρφ.
In both of the above cases the evolution of ρφ and
ρR can be completely described by three parameters:
the ρφ equation of state parameter w, the increase F
in the co-moving SM radiation energy density, and the
temperature Tend of the SM radiation when the ρφ
dominated period ends, which determines ρR(aend) via
Eq. (3). In the following, we will consider three bench-
mark cases numerically:
1. w = 1 and Γφ = 0,
2. w = 0 and a constant Γφ 6= 0,
3. w = −1 with instantaneous decay of ρφ at a = aend.
The w = 1 dominated epoch is know as kination [48]. In
that case, we have for simplicity taken Γφ = 0 because
whenever w > 1/3, the ρφ component will eventually
become energetically subdominant to radiation regard-
less of the value of Γφ. For previous works on a similar
scenario, see e.g. Refs. [49,50,51]. The second case can
be motivated by the usual particle decay, and the third
one for example by a period of low-scale inflation, as
discussed above.
In Fig. 1, examples of the evolution of energy den-
sities in these three cases are shown. In the case shown
in the upper right panel the ρφ dominated period be-
gins at T = 180 GeV, whereas in the upper left panel
it begins at T = 10 MeV. In both cases the SM plasma
temperature after the decay of ρφ is Tend = 10 MeV.
Notice that while in the case shown in the upper right
panel the temperature decreases monotonically, in the
upper left panel T < 10 MeV during the ρφ dominated
period, and the decay of ρφ finally increases the tem-
perature back to 10 MeV. To present the maximal effect
a non-standard expansion phase can have on DM pro-
duction, both here and in the following the results are
shown for Tend = 10 MeV, which is close to the BBN
bound. However, the results can be easily generalized
to higher values of Tend. Note that even though all of
the above cases can be motivated by scenarios consid-
ered in the literature, our analysis does not concentrate
on any particular model besides the DM one, which we
will discuss in the next subsection.
2.2 Scalar singlet dark matter
For DM we consider a simple model which, on top of
the SM field content and the ρφ component, contains
a real scalar singlet S which is odd under a discrete
Z2 symmetry, while all the other fields are even. This
symmetry makes S a viable DM candidate. The only in-
teraction between S and the SM sector is via the Higgs
portal coupling λHSS
2|H|2/2, where H corresponds to
the SM Higgs doublet. The scalar potential containing
only renormalizable terms is [52,53]
V = µ2H|H|2+λH|H|4+
µ2S
2
S2+
λS
4
S4+
λHS
2
S2|H|2 . (9)
The condition 0 < µ2S + λHS v
2/2 ≡ M2S , where v is
the vacuum expectation value of the SM Higgs field,
ensures that the Z2 is not broken spontaneously at the
electroweak breaking vacuum.2 Then, the Higgs doublet
mass parameter, µ2H = −λHv2, and the Higgs doublet
quartic coupling, λH = m
2
h/(2v
2), are fixed by the ob-
served values of the Higgs boson mass mh ' 125 GeV
and the electroweak scale v ' 246 GeV.
The total parameter space in our scenario is thus
six-dimensional, consisting of three particle physics pa-
rameters, λS, λHS and MS, and three cosmological pa-
rameters, w, F and Tend. We assume that ρφ does not
decay into S but that its relic abundance is produced
by freeze-out or freeze-in from the SM plasma. For re-
cent works where a component similar to ρφ is allowed
to decay also into scalar singlet DM, see Refs. [19,23].
2For µ2S < 0 the requirement that the electroweak breaking
minimum is the global minimum of the potential gives a lower
bound on the S self-coupling [54], which at M2S  λHSv2/2
is λS > 1.9λ2HS, leading to non-perturbative values of λS at
large λHS. This region is, however, not of interest because of
the constraint on the Higgs boson invisible decay discussed
below.
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Fig. 1 The solid yellow lines show the evolution of ρφ for w = −1, 0, 1 (upper left, upper right and lower panels, respectively),
and the blue lines show the evolution of ρR. Here aend ≡ a(T = Tend) denotes the value of the scale factor a when the ρφ
dominance ends and the usual radiation-dominated phase begins.
The only collider signature of the SM extension un-
der consideration arises from the invisible decay of the
Higgs boson h. The corresponding branching ratio is
constrained by the LHC searches to be BRinv . 0.24 at
the 2σ confidence level [55]. This places an upper bound
on the decay width Γh→SS . Using Γh ' 4.07 MeV for
the total Higgs decay width and
Γh→SS =
λ2HSv
2
32pimh
√
1− 4M
2
S
m2h
(10)
for the Higgs decay into two S particles, the bound on
Γh→SS translates to a bound on the portal coupling,
which for MS  mh is λHS < 0.014. For MS > mh/2,
this kind of constraint obviously cannot be placed.
A further constraint on the model parameters arises
from the direct DM searches. The effective spin-indepen-
dent cross section for elastic DM–nucleon scattering is
given by
σSI, eff =
ΩS
ΩDM
λ2HS µ
2
Nm
2
N f
2
N
4piM2S m
4
h
, (11)
where µN = mNMS/(mN + MS) is the reduced mass
of the DM-nucleon system with mN ' 0.946 GeV the
nucleon mass, fN ' 0.30 is the form factor [35],3 and
ΩS/ΩDM is the fractional DM density. Currently, the
most stringent constraints on σSI, eff are provided by
LUX [63], PandaX-II [64] and Xenon1T [65]. The pro-
jected sensitivity of the next generation DM direct de-
tection experiment DARWIN [66] will also be shown in
the following results.
3 Dark matter abundance
In this section we discuss the production of DM in the
early Universe during a non-standard expansion phase,
considering first freeze-out and then freeze-in of DM.
The strength of the portal coupling λHS determines
whether the S particles were in thermal equilibrium
with the SM radiation in the early Universe. For the
freeze-out mechanism the portal coupling has to be typ-
3For recent works related to the sigma terms, see Refs. [56,
57,58,59,60,61,62].
5ically much larger than a threshold value λHS  λeqHS,
whereas for freeze-in λHS  λeqHS. The threshold value
above which the DM sector enters into thermal equilib-
rium with the SM can be found by requiring that the
SM particles do not populate the hidden sector so that
they would start to annihilate back to the SM in large
amounts [67,68,69]. In the following, we will first con-
sider freeze-out of DM by assuming that λHS  λeqHS
always holds, and postpone a quantitative derivation
of λeqHS until Section 3.2. In all cases in Section 3.1,
however, the presented results have been found to be
consistent with the thermalization condition.
Before discussing DM production mechanisms in mo-
re detail, we note that the observed DM abundance
cannot be obtained for all expansion histories indepen-
dently of the DM model parameters, assuming that the
decay of ρφ does not produce S particles. If ρφ domi-
nates the energy density of the Universe when the co-
moving S number density freezes, then it can happen
that the energy density in S particles is always too small
to comprise the observed DM abundance, unless the
decay of ρφ brings S back into thermal equilibrium in
the case of freeze-out or re-triggers the freeze-in yield.4
However, for the benchmark scenarios discussed in Sec-
tion 2.1, this is never the case.
3.1 Freeze-out
We begin by studying the case where the DM has reached
thermal equilibrium with the SM radiation. The DM
abundance is then determined by the freeze-out mech-
anism and, in the absence of large DM self-interactions,
the relevant interaction rate is that of DM annihilate
into radiation bath particles, 〈σannv〉nS. The contribu-
tion of the hh final state at s = 4M2S is given by [37]
〈σhhv〉 = 1
32pis
√
1− 4m
2
h
s
×
∣∣∣∣λHS + 3m2hλHSs−m2h + imhΓh − 4v
2λ2HS
s− 2m2h
∣∣∣∣2
∣∣∣∣∣
s=4M2S
(12)
and all other SM final states can be taken into account
by using the total decay width of virtual h, Γh(s), as [70]
〈σSMv〉 = 2λ
2
HSv
2Γh(s)√
s
[
(s−m2h)2 +m2hΓ 2h
]∣∣∣∣∣
s=4M2S
, (13)
4Notice that, independently on whether the S abundance is
determined by freeze-out or freeze-in, the energy density in
S particles is necessarily smaller than that of one relativistic
degree of freedom in the radiation bath when its co-moving
number density freezes.
so that 〈σannv〉 = 〈σhhv〉+〈σSMv〉. The evolution of the
S number density is then described by the Boltzmann
equation
dnS
dt
+ 3HnS = −〈σannv〉
[
n2S − (neqS )2
]
, (14)
which we solve numerically. The time dependence of the
Hubble parameter (2) and the equilibrium number den-
sity neqS are obtained by solving the coupled Boltzmann
equations for ρφ and ρR given by Eq. (1).
By scanning the values of λHS and MS for differ-
ent background evolutions, we determine the value of
the portal coupling for a given S mass that gives the
observed DM abundance, ΩSh
2 = ΩDMh
2 ' 0.12 [71].
This is shown by the black solid lines in Fig. 2. We see
that a non-standard expansion phase can lead to a sig-
nificant change in the DM abundance and therefore to
observational ramifications.
Compared to the standard radiation dominated case,
two effects change the required value of the portal λHS
for which the observed DM abundance is obtained: the
moment when the co-moving DM number density free-
zes is shifted due to non-standard dependence of the
Hubble parameter on the SM radiation temperature,
and the DM energy density becomes effectively diluted
due to decay of ρφ. The effect of the former is to increase
the required value of λHS, whereas the latter decreases
it.
Consider first the case F = 1 (upper right panel
in Fig. 2). In this scenario no dilution due to ρφ de-
cay arises, so the freeze-out temperature has to be the
same as in the standard case in order to obtain the
same final DM abundance. Then, if the DM freeze-out
happens when ρφ dominates the energy density of the
Universe, the interaction rate that keeps DM in ther-
mal equilibrium has to be higher than in the standard
case, because the value of the Hubble parameter at that
temperature is higher. This implies that λHS has to be
larger than in the standard radiation dominated case.
Depending how the ratio ρR/ρφ evolves as a function of
T , this increase of λHS is different for different masses.
The upper right panel of Fig. 2 shows an example of
such a scenario. In that case the ratio ρR/ρφ increases
as a function of T so for large masses the separation
between the black solid and dashed lines is larger than
for small masses.
Moreover, for F > 1 the freeze-out temperature
has to be higher, because the decay of ρφ decreases
the relative DM energy density compared to ρR. Thus,
the same final abundance is obtained by decreasing the
value of λHS so that the S particles undergo freeze-out
earlier, which leads to the required enhancement in the
co-moving S number density. In the lower right panel
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Fig. 2 In each panel, the solid black lines show the values of λHS and MS for which the observed DM abundance for S is
obtained via freeze-out. The dark blue region is excluded by direct DM searches (LUX, PandaX-II and Xenon1T), the lighter
blue region shows the expected sensitivity of the DARWIN experiment, and the purple region is excluded by the LHC constraint
on the Higgs boson invisible decay. The dashed black line in each panel shows the standard radiation-dominated case. Left
(right) from the red dashed line in the lower left panel the DM freeze-out happens during (before) the ρφ dominated phase.
For all masses shown in the lower (upper) right panel the freeze-out happens before (during) the ρφ dominance.
of Fig. 2, the DM freeze-out happens for all masses be-
fore the ρφ dominated phase begins, so the effect from
the non-standard temperature dependence of the Hub-
ble parameter is absent. In contrast to this, left from
the red dashed line in the lower left panel the freeze-out
happens during the ρφ dominance, but the effect from
dilution due to the ρφ decay is still the dominant one.
In the usual radiation-dominated case only DM mas-
ses close to mh/2 and above O(1) TeV are still allowed
by observations [35,36,37,38,39,40,41]. This can be seen
in the upper left panel of Fig. 2, where the dark blue re-
gions are excluded by direct DM searches (LUX, PandaX-
II and Xenon1T), the lighter blue regions show the ex-
pected sensitivity of the DARWIN experiment, and the
purple regions are excluded by the LHC constraint on
the Higgs boson invisible decay. This conclusion changes
in the case DM was produced during a non-standard ex-
pansion phase. In particular, we see that in the cases
shown in the lower panels, large parts of the parame-
ter space become available. In the case shown in the
upper right panel, however, the required values of λHS
are larger than in the usual radiation-dominated case,
which renders that scenario largely inconsistent with
observations. While these conclusions may change in
models which go beyond the benchmark scenarios dis-
cussed in Section 2.1, they demonstrate the fact that
a non-standard expansion history can change the re-
quirements for producing the observed DM abundance
in interesting and yet testable ways.
7Finally, to conclude the discussion about the DM
production via freeze-out, we remark that while in the
standard radiation-dominated case the S self-coupling
λS has to take non-perturbative values for the S number
changing self-interactions (such as SSSS → SS) to de-
termine the S freeze-out instead of the SS annihilations
to SM particles [72], these processes can be relevant in
non-standard cases. If the dilution due to the decay of
ρφ to ρR after the S freeze-out was sufficiently strong,
the SSSS → SS processes become relevant even for
λS . 1. Therefore, taking the detailed effect of DM
self-interactions into account can be important for the
determination of the final DM abundance, reminiscent
to the Strongly Interacting Massive Particle (SIMP) or
cannibal DM scenarios [22,72,73,74,75,76,77,78,79,80,
81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97]. A
benchmark example of such a scenario was recently
studied in Ref. [22], but in this paper we do not consider
the detailed effect of the SSSS → SS process. Instead,
we have assumed that λS is always small enough not
to affect DM production to highlight the effects of non-
standard expansion history.
3.2 Freeze-in
Next, we turn to the case where the S particles interact
so feebly with the SM radiation that they never entered
into thermal equilibrium with it, and the relevant pro-
duction mechanism is freeze-in. Assuming that the S
abundance is always negligible compared to its equi-
librium abundance, the Boltzmann equation describing
the S production from annihilations of the SM particles
and the Higgs boson decay is
dnS
dt
+ 3H nS =
∑
x
〈σxx¯→SSv〉(neqx )2
+ Cmh Γh→SS
∫
d3ph
Eh(2pi)3
f eqh ,
(15)
where the sum runs over all SM particles. The h→ SS
decay width is given by Eq. (10), and annihilation cross
sections are5
σV V→SS =g−2V
λ2HS
32pis
√
s− 4M2S
s− 4M2V
(
s2 − 4sM2V + 12M4V
)
(s−m2h)2 +m2hΓ 2h
,
σff¯→SS =g
−2
f
λ2HSnc
16pis
√
(s− 4M2f )(s− 4M2S)M2f
(s−m2h)2 +m2hΓ 2h
,
σhh→SS =
1
32pis
√
s− 4M2S
s− 4m2h
×
∣∣∣∣λHS + 3m2hλHSs−m2h + imhΓh − 4v
2λ2HS
s− 2m2h
∣∣∣∣2 ,
(16)
where V = W±, Z and f (f¯) denote the SM (anti-)
fermions, and nc = 3 for quarks and nc = 1 for leptons.
The dominant production channels are W+W− → SS
for MS > mh/2 and h→ SS for MS < mh/2.
The contribution of Higgs boson decays is partly in-
cluded in the on-shell part of the xx¯→ SS annihilation
processes (see e.g. Ref. [98]), and thus subtracted from
the decay term in Eq. (15) by multiplying it by
C = 1−
∑
x
BR(h→ xx¯) . (17)
Here the sum includes SM particles with mass mx <
mh/2, i.e. it does not include virtual final states. The
dominant channels are then to bb¯, τ−τ+ and cc¯, with
branching ratios BR(h→ bb¯) ' 0.561, BR(h→ τ−τ+) '
0.0615 and BR(h→ cc¯) ' 0.0283, so C ' 0.349.
As discussed in the beginning of Section 3, the thresh-
old value above which the DM sector enters into ther-
mal equilibrium with the SM can be found by requiring
that the SM particles do not populate the hidden sector
so that they would start to annihilate back to the SM
in large amounts. As the criterion for this, we require
that at all times∑
x
〈σxx¯→SSv〉neqx
H
< 1 . (18)
The threshold value λeqHS can then be found as the small-
est λHS for which the above ratio reaches unity. For
example, in the usual radiation-dominated case this
threshold is shown by the red dashed line in Fig. 3,
which is in accord with the earlier estimate in the lit-
erature [67,68,69]. However, because in non-standard
cases H takes a larger value than in the usual radiation-
domination, also λHS can be larger than usual without
the two sectors thermalizing with each other. In the
following, we check that λHS < λ
eq
HS in all cases.
Defining YS = a
3nS allows us to solve Eq. (15).
Then, the S abundance today is ΩS = MSYS(a = 1)/ρc,
5The factors g−2x arise from averaging over the initial states.
8Γh→SS>Γinv ΩS =ΩDM
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Fig. 3 The red dashed line shows the thermalization bound
for λHS. The colored regions are the same as in Fig. 2, and
the upper and lower solid black lines show the values of λHS
which give the observed DM abundance via freeze-out and
freeze-in, respectively.
where ρc is the critical density and the co-moving S
number density today is given by
YS(a = 1) =
∫ 1
0
da
a2
H
[
T
32pi4
∫ ∞
4M2S
ds
∑
x
cx g
2
x
× σxx¯→SS(s)(s− 4m2x)
√
sK1(
√
s/T )
+
ghm
2
h T
2pi2
C Γh→SSK1(mh/T )
]
.
(19)
Here cx = 1/2 if the initial state particles are identical
and cx = 1 otherwise, and gx is the number of degrees
of freedom for particle species x.6 The Hubble parame-
ter (2) and the radiation bath temperature T are again
obtained as a function of the scale factor a by solving
the coupled Boltzmann equations (1).
The results are shown in Fig. 4. As in the freeze-out
case, also here the effects that shift the required value
of λHS are the non-standard dependence of the Hub-
ble parameter on the SM radiation temperature and
the effective dilution of the DM energy density due to
the decay of ρφ. However, both of these effects now in-
crease the required value of λHS. If F = 1 (lower panel
of Fig. 4), the DM production rate has to be higher
than in the standard case because the value of the Hub-
ble parameter at the temperature when the production
ends (that is determined by the masses of the decay-
ing/annihilating particles and S) is higher. Larger val-
ues of F then imply that the relative DM energy density
6Particles and antiparticles are treated separately here. Thus,
for gauge bosons gV = 3, for leptons gl = 2, for quarks gq = 6
and for the Higgs boson gh = 1.
gets smaller due to the decay of ρφ to ρR, so the DM
production rate has to be even higher in order to obtain
the same final abundance. This effect can be seen in the
upper panels of Fig. 4, where log10 F = 1, 2. . . 15, from
bottom to top.
We find that for the entire mass regime studied in
this paper, 1 GeV ≤MS ≤ 10 TeV, the portal coupling
which does not thermalize S with the SM sector but al-
lows it to constitute all of the observed DM abundance
is always below the expected sensitivity of DARWIN
(blue line in Fig. 4). Therefore, we conclude that in
the singlet scalar model even very extreme scenarios,
where the expansion rate of the Universe exceeds the
one in usual radiation-domination by many orders of
magnitude, yield no observable consequences for next
generation direct detection experiments in our bench-
mark scenarios where DM was produced by freeze-in.
Finally, we make again a remark on the effect of
S self-interactions. Also in the freeze-in scenario the
effect of SSSS → SS self-annihilation can have impor-
tant consequences on the final DM abundance after the
initial yield from the SM sector has shut off. However,
as noticed in Refs. [22,72,78,80,95], the effect of this
process is to generically increase the final DM abun-
dance, which means that in the case where the number-
changing self-annihilations play a role, a smaller value
of λHS than in scenarios where self-interactions are ab-
sent is required to obtain the observed DM abundance.
As the largest possible values of λHS are below the ones
that can be expected to be detected by the next gener-
ation experiments, we have again chosen to restrict our
analysis to values of λS which are small enough not to
affect the DM yield.
4 Conclusions
Despite the large amount of searches over the past de-
cades, DM has not been found. A simple reason for
this might be that the cosmological history was non-
standard at early times, affecting also DM genesis. In
this paper we have considered production of DM in such
a scenario, studying both the freeze-out and freeze-in
mechanisms in a model where the DM consists of scalar
singlet particles.
Assuming that the DM number-changing interac-
tions can be neglected, we showed in three benchmark
scenarios that in the case of non-standard expansion
history, two effects change the required value of the
portal λHS for which the observed DM abundance is
obtained: the moment when the co-moving DM num-
ber density freezes is shifted due to non-standard de-
pendence of the Hubble parameter on the SM radiation
temperature and, assuming that the dominant energy
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Fig. 4 The curves show the value of λHS for which the observed DM abundance in S particles is obtained via freeze-in for
different expansion histories with w = −1, 0, 1. In the top panels the solid lines correspond to log10 F = 1, 2. . . 15, from bottom
to top. For large values of F and small MS, the freeze-in picture is not consistent (thermalization with the SM is reached),
which introduces a cut-off to the corresponding curves. The black dashed curve in the bottom of each panel shows the result
in the standard radiation dominated case. The region above the blue curve is expected to be probed by DARWIN, if all DM
is in S particles.
density component decayed solely to SM radiation after
DM production, the DM energy density becomes effec-
tively diluted. The effect of the former is to increase
the required λHS in both freeze-out and freeze-in cases,
whereas the latter in the freeze-out case decreases λHS,
and in the freeze-in case increases it.
These findings, as well as the detailed changes to
the allowed part of the parameter space together with
prospects for future observations, are shown in Figs. 2
and 4. While these conclusions may change in mod-
els which go beyond the benchmark scenarios discussed
in this paper, the results demonstrate the fact that
a non-standard expansion history can change signifi-
cantly the requirements for producing the observed DM
abundance. For example, we find that in the freeze-out
case the direct detection constraints in the singlet scalar
DM model can be avoided if the early Universe was
dominated by a matter-like component for a relatively
short period of time before BBN. However, our results
show that the parameter space relevant for freeze-in in
the singlet scalar model is out of reach of the next gener-
ation direct detection experiments even in very extreme
scenarios.
In the future, it would be interesting to see what
are the detailed consequences of non-standard expan-
sion history also for other models where the hidden DM
sector has more structure or where the DM is not cou-
pled to the SM via the Higgs portal but by some other
means.
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